We report the low-temperature (250°C) fabrication of n-ZnCdO/p-SiC heterostructures by direct current magnetron sputtering (DC MS) technique. As-grown heterostructures exhibit diode characteristics: current-voltage measurements showed a typical rectifying characteristic of a p-n junction and the presence of series resistance. It is found that the turn-on voltage of heterostructures depends on the acceptor concentration in p-SiC. Via Cd doping of ZnO the energy barrier for holes can be lowered, which promotes the hole injection from the p-type layer to the n-type layer as well as favors the radiative recombination in the n-ZnCdO layer.
Introduction
Zinc Oxide is a promising semiconductor as a light emitting material for LEDs and LDs fabrication.
However, p-type ZnO is still difficult to obtain. Alternatively, n-type ZnO may be grown on p-type semiconductors. To use the diversity and advantages of the optical transitions of ZnO [1] for the improvement of the electrical performance of n-ZnO/p-SiC heterostructures, it is necessary that the radiative recombination occurs in the n-type semiconductor. The advantage of SiC substrate is that 2 it has the same wurtzite crystal structure as ZnO, provides rather small lattice mismatch (of ~5% [2] ) and has a close band-gap energy value [3] . Nevertheless, existing reports devoted to p-njunction based on ZnO/SiC suggest that the radiative recombination mainly originates from defectrelated states in the p-SiC layer [4, 5] . It is due to a prevailing electron injection from n-ZnO over the weak holes injection from p-SiC [3] . In order to overcome this problem, the energy barrier for holes should be lowered, whereas the energy barrier for electrons should be increased. Therefore, it is important to choose the heterostructure pair which would possess the small value of the valence band offset (VBO) exceeding the magnitude of the conduction band offset (CBO). Fang et al. found that using the Zn 0.95 Cd 0.05 O layer in an n-ZnCdO/p-GaN structure allows reducing the energy barrier for holes to a value of -0.3 eV [6] . It means that the energy relationship is in favor of holes transferring from GaN to ZnCdO. Based on this observation we suggest that a similar effect may be also realized for an n-ZnCdO/p-SiC heterostructure. There is an extraordinary interest in ZnCdO ternary alloy caused by (i) the possibility to change its band-gap energy in the wide range depending on the cadmium content [7, 8] , substrate type [9] and growth conditions [10] [11] ; (ii) the existence of visible luminescence covering the blue-green optical region; and (iii) the high optical transparency [12] . Many interesting phenomena like electroluminescence from n-ZnCdO/p-GaN heterojunction [6, 13, 14] , green electroluminescence from ZnCdO multiple quantum-well lightemitting diodes [15] and luminescence enhancement effects of deuterium in ZnO/ZnCdO quantum wells [12] have already been reported. Nevertheless, the growth of Zn 1-x Cd x O alloys is complicated by the solid phase miscibility gap [16] , which gives rise to a compositional inhomogeneity, and thus, local variations in the fundamental energy gap. Direct evidence for a phase separation in Zn 1- x Cd x O layers with 0.03<x<0.2 has been obtained from the low temperature cathodoluminescence microscopy [17] . The phenomenon of phase separation in ZnCdO was also investigated by means of a combination of structural/optical measurements [18] . It was revealed the presence of a new, not usually considered, zinc-blende-ZnCdO phase in addition to commonly discussed wurtzite and rock-salt phases [18] . Above-mentioned factors complicate the understanding of the recombination 3 radiative processes in p-n heterojunctions based on ZnCdO. In this regard, the choice of the appropriate growth interface (i.e. kind of substrate) may become crucial factor for control of the compositional fluctuations/structure quality/Cd solubility, minimization of the stress/strain at the heterointerface, which can introduce the "composition pulling effect", and the improvement of the electrical properties of the p-n heterojunctions.
In this paper, we report on the structural, optical and electrical properties of as-grown nZnCdO/p-SiC heterojunctions. The originality of the present paper is that it reveals the effect of the acceptor concentration in p-SiC on the electrical properties of ZnCdO-based heterostructures, which has not been studied before. Additionally, possible mechanisms of the alloy composition influence on the luminescence are proposed and discussed. It is shown that it is necessary to have higher hole
) in the p-type SiC to turn on the intensive hole injection into the active region.
Experimental details
The ZnCdO films were fabricated on p-type boron doped SiC epilayers. The p-type SiC films were grown by the sublimation epitaxial method on n-SiC commercial substrate. We have used two SiC epilayers with different acceptor concentrations. Thus, the acceptor concentrations (boron) in the pSiC thin films were around 1 × 10 18 cm −3 (substrate was marked as "p") and 1 × 10 19 cm −3 ("p + ").
The different concentrations aimed to explore possible influence on the electrical performance of the designed heterojunction. The thickness of the epilayers was about 325 and 150 µm for p and p+SiC, respectively. The ZnCdO ternary alloys were deposited by the direct current (dc) magnetron sputtering technique at the substrate temperature of 250°C. A disc of 90%zinc-10%cadmium alloy of 100 mm diameter with a purity of 99.99% was used as a target. High purity argon and oxygen were used as the sputtering and the reactive gases, respectively. The target-to-substrate distance was 40 mm. The chamber was pumped to a base pressure of 10 
Fig. 1. Schematic illustration of n-ZnCdO/p-6H-SiC heterostructure devices
Results and discussion 5 The grown ZnCdO films in general demonstrate a microstructure that is typical for sputtered films.
The structure experiences a dense coverage of grains that are not obviously hexagonally faceted.
This structure is due to the high deposition rate and a low growth temperature (Fig. 2 a, b) . The average grain size estimated from SEM analysis was 200 nm ± 50 nm. Also a rather rough surface was observed. Some evidences of the substrate off cut can be observed: slightly tilted grains are the result of partial step flow growth, induced by the steps on the p-type epilayer.
Fig.2 SEM images of ZnCdO films grown on the p (a) and p + (b)-SiC epitaxial layer. Scale bars are different on different images.
The typical XRD pattern (Fig. 3 ) of the heterojunctions indicates that the ZnCdO films were highly textured along the axis. The XRD data of both studied films accurately correspond to that of JCPDS card No.36-1451 for hexagonal wurtzite structure of ZnO. This suggests that the introduction of cadmium atoms does not change the ZnO crystal structure [8, 14] . The observed (002) peak of ZnCdO was found to be shifted towards a lower 2θ angle (by 0.23°) than that of pure bulk ZnO (see Fig. 3 ). It is associated with the fact that the replacement of smaller Zn ions by larger Cd ions results in expansion of the ZnO lattice. It should be noted that we have dealt with two simultaneous competitive influencing the (002) peak position: (i) lattice mismatch (LM) and (ii) Cd incorporation. LM effect should lead to a displacement of the (002) peak towards higher Bragg's angle (due to compressive stresses), whereas the cadmium incorporation should cause lattice 6 expansion, appearance of the tensile stresses and shift of the main diffraction peak to smaller angle, respectively.
Fig.3. A typical XRD pattern of the n-ZnCdO film grown on the p-SiC substrate. Vertical line is corresponded to (002) peak position for strain-free undoped ZnO [20]
Taking into account the similarity of the crystal structures as well as small lattice and thermal mismatch (TM) between ZnO and SiC, we have concluded that Cd incorporation effect is prevailing but is partially compensated by the lattice mismatch. We have neglected the TM effect on the (002) peak position, because the growth in our case is at rather low temperature. No additional diffraction peaks related to second phases (cubic CdO or metallic Cd) are observed. We have performed EDX analysis in order to study the Cd spatial distribution or to reveal its segregation in the film. The average Cd content was found to be~6 at.%.
We studied the electrical properties of the n-ZnCdO/p-SiC heterostructures. Figure 4 shows an equilibrium energy band diagram of the p-n heterojunction between p-SiC and n-ZnCdO, which was constructed in terms of the Anderson model [21] . According to the two semiconductors that are in contact, the energy barrier ∆E C for electrons is ∆E C =χ ZnCdO -χ SiC = 4.4 -3.3 = 1.1 eV, whereas the energy barrier ∆E V for holes is: ∆E V =E gZnCdO + ∆E C -E gSiC = 2.87+1.1 -3.03=0.94 eV. It should be noted that in the case of ZnCdO, the electron affinity is assumed to be between 4.3eV (ZnO) and 4.5eV (CdO) [22] . Therefore, we have used the average value of 4.4 eV. Here the band-gap (E g ) of ZnCdO is 2.87 eV and that of 6H-SiC is 3.03 eV. ∆E V has a smaller value than ∆E C , which means that the electron injection from n-ZnO to p-SiC is smaller than the hole injection from p-SiC to nZnCdO. In other words, under forward bias, the energy relationship is in favor of holes transferring from p-SiC to ZnCdO. Thus, we conclude that the Cd incorporation into ZnO matrix can lower the value of the valence band offset from 1.61 eV for pure ZnO [23] to 0.94 eV for Zn 0.94 Cd 0.06 O.
Fig.4. Band diagram (in the terms of the Anderson model [21]) of p-n heterojunction of 6H-p-SiC and n-ZnCdO.
Since the electron injection from n-ZnCdO into p-SiC has a larger energy barrier than the hole injection from p-SiC into n-ZnCdO, the light emission should mainly originate from the n-ZnCdO areas. Similar result was reported in [6] for n-ZnCdO/p-GaN heterojunction. It was noticed that the conduction band offset ∆E C is much larger than the valence band offset ∆E V [6] . Therefore, the radiative recombination occurs in the n-ZnCdO semiconductor layer [6] . In this context, results of PL studies of our heterostructures are very informative since they should conform to electroluminescence (EL) data. Figure 5 shows the photoluminescence spectra of the 
Fig.5. Room temperature photoluminescence spectra of the n-ZnCdO/p-SiC heterojunctions: p (curve 1) and p + (curve 2)-substrates.
The asymmetric nature of the luminescence band may be associated with the overlapping several emission lines responsible for the exciton localization in cadmium-rich regions of the film (or recombination processes related to defect subsystem of ZnO). In other words, the large spectrum width may be mainly due to alloy composition fluctuation in the ZnCdO layer. In this sense, the luminescence of these samples can be explained by the effect of exciton localization induced by Fig. 6 . We observed a rather uniform distribution of the Cd elements over the surface. And only slight correlation may be observed for morphology and grain boundaries with Cd signal intensity (green points on the SEM image shown in Fig. 6 ). The later may be responsible for the specific behavior of the PL spectra of the ZnCdO ternary alloys. Actually, the obtained visible photoluminescence of ZnCdO is very interesting for a design of white LEDs. It is due to the fact that the combination of different visible emission bands can be regarded as white light.
Fig. 6 Map of the lateral cadmium distribution for the film ZnCdO grown on the 6H-SiC substrates.
Inset is corresponding EDX spectrum. The ideality factor was estimated from the I-V plot using the diode equation [26] and was obtained for both diodes to be >4. The large magnitudes of the ideality factor suggest that the mechanism of transport is no longer prevailed by the thermionic emission. Non-ideal behavior is often related to defect states in the band gap of the semiconductor. It provides other mechanisms of current transport such as structural defects, generation -recombination in the space charge region, barrier tunneling, or surface contamination [27, 28] . It is expected for heterojunction diodes which inescapably have more defect states at the interface due to the lattice and valence mismatch, and alloy fluctuations in ZnCdO.
The inset in Fig. 7a shows a plot of log(I) vs. voltage [29] ; when the reverse bias reaches 5 V, nZnCdO/p-SiC has a small reverse leakage current of about 10 −5 A. Moreover, the ratio of the forward current to the reverse current (I F /I R ) at ±5 V is low, being approximately 10. [30] . Nevertheless, the heterojunction diode fabricated from ZnCdO grown on p + -SiC exhibited more stable rectification characteristics and higher value of I F /I R . The diode series resistance determined as Rs = dV/dI [31] is depicted in Figure 8 . Below the turn-on voltage, Rs lowers with increasing the forward bias. Then it keeps a changeless value above the turn-on voltage.
Fig. 8. Diode resistance dV/dI as a function of voltage for studied heterostructures
At the forward bias the conduction band barrier will be lowered and will increase the electron stream from the n-ZnCdO to the p-SiC and holes from the p-SiC to the n-ZnCdO. The tunneling recombination would give rise to the forward bias current flow. When the forward bias is high enough, the barrier is insignificant; therefore the diode resistance gets invariable, which is associated with the series resistance of bulk material [32] . The sluggish increase of the forward current at the low bias could be stimulated by the distribution of the voltage of the nonideal contact between ZnCdO film and Al electrode. When I/(dI/dV) is plotted against I, as shown in Fig. 9(a) for ZnCdO/p + -SiC and in Fig. 9(b) for ZnCdO/p-SiC, the slope is R S [31] . Diode series resistances in the range of 166 Ω to 3.865 kΩ depend on acceptor concentration. Taking into account the value of the turn-on voltages for both heterostructures we have concluded that there is a possibility to reduce the values of the observed turn-on voltages by decreasing series resistance. Series resistance can be reduced by improving the quality of metal contacts, and by increasing the doping levels of SiC layers. Fig. 10 ). At the low forward currents the carriers may be easily captured to localized energy states generated by alloy compositional fluctuations and radiatively recombine before they are trapped by non-radiative recombination centers formed by a lot of dislocations and structural defects. When the forward current is increased, some injected carriers can overflow [32] from the shallow localized energy states due to lowering the potential barriers (or small compositional fluctuation in ZnCdO) and reach the non-radiative recombination centers [32, 33] . In this case, a decrease in efficiency of the n-ZnCdO/p-SiC heterojunction will be expected. On the other hands, if the degree of compositional fluctuations is high enough, the efficiency of the radiative recombination may reach a high value due to a large number of deep This model was first proposed by S. Nakamura [33] 
Conclusions
We have fabricated n-ZnCdO/p-SiC heterostructures at low temperatures by using direct current magnetron sputtering technique. Due to the realization of the Cd-to-Zn substitution mechanisms, the energy barrier for holes was found to be lowered and intensive hole injection from p-SiC to n- 
